Abstract: Torsion is a metric-independent component of gravitation, which may provide a more general geometry than the one taking place within general relativity. On the other hand torsion could lead to interesting phenomenology in both particle physics and cosmology. In the present work it is shown that a torsion field interacting with the SM Higgs doublet and having a negligible coupling to SM fermions is protected from decaying by a Z 2 symmetry, and therefore becomes a promising Dark Matter (DM) candidate. In order to check the consistency of this scenario we evaluate the DM relic density and explore direct DM detection and collider constraints on this model. It turns out that in the model when the Higgs boson is only partly responsible for the generation of torsion mass, there is a region of parameter space where torsion contributes 100% to the DM budget of the Universe. Furthermore, we show that the LHC currently has a limited sensitivity to the torsion parameter space via mono-jet signature and will be able to considerably improve its coverage of the torsion parameter space with the projected high luminosity.
Introduction
The existence of Dark Matter(DM) has been established beyond reasonable doubt at the cosmological scale, and is one of the main pieces of evidence of physics beyond the Standard Model(SM). There are several kinds of realistic extension of the SM which can explain the origin of DM. For instance, assuming some scenario of Grand Unification of electroweak and strong interactions at the UV scale, one naturally arrives at the concept of new weakly interacting particles which decouple from the baryonic sector in the Early Universe. This scenario serves as a theoretical grounding for models with weakly interacting massive particles -WIMPs, which appear in the majority of the theoretically motivated scenarios which predict a DM candidate, such as SUSY with R-parity [1, 2] , Universal Extra Dimensions [3] [4] [5] [6] , Little Higgs [7] [8] [9] [10] [11] [12] [13] or Technicolor [14] [15] [16] .
At the same time, one can consider different kinds of extensions of the SM of gravitational origin. One example, which is well-explored, is related to space-time torsion [17, 18] . An advantage of this kind of extension is that it follows from the unification of matter fields with gravity, including in the framework of (super)string theory. Indeed, superstring theory predicts the existence of torsion with a non-minimal coupling to scalar fields and fermions. As a result, the compactification of extra dimensions can in general give rise to a theory with a modified form of such non-minimal couplings in the low-energy limit.
At the GUT scale one has to use the field theory description instead of string theory, and therefore the first problem is to produce a consistent effective description of torsion and its interaction with matter fields. The last issue was addressed in the papers [19, 20] (see also [18, 21] for the case when torsion is a classical background for quantum matter fields). The main theoretical result was that the consistent formulation of such a theory requires a non-minimal interaction of the axial-vector component of torsion with fermions and also with scalar constituents of the theory. The non-minimal interactions are characterised by several free parameters, which can be defined only from experiments or observations. As far as these new parameters are introduced, the theory is consistently formulated at the semi-classical level.
The most difficult problem is related to formulating the theory of dynamical torsion which can provide a consistent effective quantum field theory description for the interaction with fermions of the SM. This issue was discussed in Refs. [22, 23] , where it was shown that the consistent theory of antisymmetric torsion is described by the Proca-like action of axial vector fields. This results served as the basis for phenomenological studies (see also earlier work [24] ), including an exploration of the LHC potential to probe torsion field [22, 23, 25] .
In the present work we go beyond this framework and explore the phenomenological consequences of the non-minimal interaction between torsion and scalar fields. In particular we stress that in the case when the Higgs-fermion couplings vanish and torsion interacts with the SM particles only through the Higgs fields, torsion is protected from decaying by a Z 2 symmetry. Therefore in this case torsion becomes a good DM candidate. Torsion can also play the role of DM when its couplings to fermions are highly suppressed by the Planck mass, such that torsion's life time is of the order of the age of the Universe. In this paper we explore the potential of DM direct detection experiments as well as the LHC to probe the parameter space of this scenario.
The paper is organised as follows. In Sect. 2 we present a brief survey of the theory related to torsion interactions with fermions and scalars. Furthermore, a mechanism of generating relatively large non-minimal parameters for the torsion-Higgs interaction is sketched. In Sect. 3 we describe a torsion-based model of DM and in Sect. 4 discuss the possible potentials of the LHC, DM direct detection and Planck experiments to probe the scenario with torsion being a DM candidate. Finally, in Sect. 5 we draw our conclusions.
Interactions of torsion with fermions and scalars
Torsion T α βγ is a metric-independent tensor field which is defined as
One can split torsion into irreducible components
where the axial vector S ν is dual to the completely antisymmetric part of the torsion tensor
αλ is a vector trace of torsion and q αβµ is a tensor component. The most general non-minimal action for a Dirac spinor coupled to torsion is
where η 1 , η 2 are non-minimal parameters and ∇ µ is Riemannian covariant derivative, constructed without torsion. The minimal interaction corresponds to the values η 1 = −1/8 and η 2 = 0. However, in the theory which includes scalar fields coupled to fermions via Yukawa interactions, the minimal theory is not renormalisable [19] and hence one has to introduce the non-minimal coupling of both fermions and scalars with the background torsion field. For instance, this can be seen from the renormalisation group equation for η 1 ,
where h is Yukawa coupling and the coefficient C 1 is model-dependent. It is clear that the minimal value η 1 = 1/8 is not stable under quantum corrections, hence one has to assume an arbitrary η 1 . At the same time, η 2 = 0 does not lead to such a problem, therefore for the sake of simplicity one can restrict consideration by the purely antisymmetric torsion and the unique parameter η 1 .
In the scalar sector one meets the following non-minimal action:
where [19, 20] 
In general, there can be up to five non-minimal parameters ξ 1...5 . However, if we restrict our attention to the antisymmetric torsion and flat space-time, the only one relevant parameter is ξ 4 . The analysis of one-loop corrections shows that the non-minimal parameter ξ 4 and η 1 in the fermion sector are closely related, for instance the renormalisation group equation for ξ 4 has the general form 6) with g, h, f being gauge, Yukawa and scalar coupling constants (in the more realistic case, such as the SM, there will be several gauge and Yukawa-dependent terms) and model-dependent coefficients C 2,..,5 [19, 21] . Let us note that all that we have discussed until now corresponds to the case of a background torsion, which does not depend on the action of torsion. However, complete consideration should take into account the dynamics of torsion itself. One can establish the action for the propagating torsion by requesting consistency of the effective low-energy quantum theory of torsion coupled to fermions and scalars, e.g., of the SM. Unitarity of the low-energy theory leads to a possible form of the torsion action [22, 23] 
where S µν = ∂ µ S ν − ∂ ν S µ and M ts is a torsion mass. Furthermore, one can show that quantum corrections preserve unitarity only if the relation
is satisfied for all fermion fields with masses m f [22, 23, 26] . In Ref. [27, 28] similar constraints in the theory with extra dimensions were discussed. The consistency relations (2.8) concern torsion mass and non-minimal parameters of the fermiontorsion interaction. This condition can be satisfied either for a huge torsion mass or for a very weak fermion-torsion interaction. At this point we can conclude that the only torsion-related parameter which is not restricted is ξ 4 in Eq. (2.4). From the theoretical side there are no reasons to impose such a restriction. At the same time, there are no phenomenological constraints on ξ 4 , because the present-day magnitude of the torsion field is extremely small [29] . Therefore it would be interesting to explore the physical consequences of different values of ξ 4 , including of relatively large (compared to η 1 ) magnitudes, because they are not ruled out by the condition of theoretical consistency and, as we shall see below, may be phenomenologically fruitful.
Before we go to the phenomenological part in the next sections, let us present some additional theoretical arguments. One has to remember that ξ 4 is a free parameter and its value can be determined only by comparison to experimental or observational data. However, it is possible to sketch a situation when a relatively large value of ξ 4 may emerge 1 .
In the usual GUT models the SM Higgs couples not only to SM fermions, but also to other fields, which belong to the extension of the SU (3) c × SU (2) × U (1) gauge group. These fermions are supposed to have much greater masses compared to the SM particles. At the same time there is another possibility to decouple GUT particles from those of the SM. Namely, one can assume that the hidden UV sector of the GUT model is characterised by strong interactions, and that at an energy scale which is much lower than the GUT scale, these fields get confined into composite particles which have quantum numbers distinct from the original elementary particles. As a result they decouple from the SM particles. After such a decoupling only gravitational interactions are possible, hence these composite particles can constitute some part of the DM. In what follows we discuss the situation when the main part of the DM is composed by torsion itself. An advantage of this scheme is that torsion is a geometric field and, hence, may have very weak non-gravitational interaction to the SM particles.
An important aspect of the IR-confined GUT is that close to the decoupling scale there are typically very strong interactions and the quantum fields system is in the strongly non-perturbative regime. Then the specific GUT gauge, Yukawa and scalar couplings may be strong and one can observe an intensive running in Eq. (2.3) for the hidden fermions.
In this scenario the values of η 1 for the hidden fermions may greatly increase due to the intensive running. Since the masses of these fermions are supposed to be huge and, moreover, they are eventually confined into hidden composite particles, a possible violation of the criterion (2.8) does not put into danger the unitarity of the theory. But, as a consequence of interacting with the SM Higgs, Eq. (2.6) may produce a short-period but very intensive growth of the value of ξ 4 on the running from UV to IR. Therefore, within this scheme there is nothing wrong with assuming that at the low-energy of ξ 4 is "unnaturally" large. At the same time this process does not concern at all the SM fermions, hence the corresponding parameters η 1 remain very small. In the next sections we will discuss some phenomenological advantages of these assumptions.
Torsion as a DM candidate
Starting from this section, we shall use simplified notations ξ 4 = ξ and η 1 = η. According to the previous considerations, the torsion-matter interaction has the form
where
Furthermore, the Higgs portal looks as follows:
One can see that the Higgs mechanism generates the mass M 2 ts = ξv 2 for the torsion S µ .
The simplest scenario, in which this mechanism is the only source of the S µ -field mass, will be abbreviated hereafter as T DM 1, since in such a scenario the torsion mass, M ts , is a function of only one parameter ξ. At the same time torsion can receive an additional mass contribution, which we denote as M ts which may come from the assumed symmetry breaking at the high energy scale. Therefore, one can write the general mass relation in the form
We will abbreviate this (more general) scenario as T DM 2 since M ts in this case depends on two parameters. We have implemented both the T DM 1 and T DM 2 models into the CalcHEP package [31] . Because we are exploring the scenario where torsion is stable at the cosmological scale, its lifetime should be above 14 billion years, which translates into a torsion width below 10 −42 GeV.
This takes place for very small values of η, the non-minimal coupling of S µ to fermions, the allowed region for which is indicated by coloured region in Fig 1 in the (η − M ts ) plane. The white region is excluded because in these scenarios τ ts < 13.8 billion years. One can see that this condition excludes values of η > 10 −21 . Hereafter we will be mainly interested in the torsion-scalar coupling.
Therefore, since η is so small, one can assume that it is zero, or that η is below the aforementioned limit. In this figure we also present a colour map of the torsion-DM relic density in standard units of Ωh 2 which we evaluated using micrOMEGAs 4.2.5 [32] [33] [34] . Precise measurements of the DM relic density from Planck [35, 36] (and previously from WMAP [37] ),
provide further constraints on the torsion parameter space. Taking this additional measurement into account, we have found that M ts below 53 GeV is excluded in the T DM 1 scenario. This is related to the fact that for such low M ts and respectively low values of ξ = M ts /v 2 , torsion DM in the early Universe annihilates into SM particles through an s-channel off-shell Higgs boson exchange. For M ts below 53 GeV, the suppression of this DM annihilation cross section leads to an overabundance of DM which is excluded by Planck data. The excluded parameter space is located to the left side of the dashed red line. At the same time, once the mass of the torsion is close to M H /2, the effective annihilation through the on-shell Higgs boson resonance S µ S µ → H takes place. Since the cross section of this process is high, the relic density is about 2-3 orders of magnitude below the Ω Planck DM h 2 . This region of parameter space, as well as other regions with low relic density are not necessarily excluded, since there could be additional (non-torsion) sources of DM contributing to the overall DM relic density. We further constrain the torsion parameter space by using LHC bounds on the invisible Higgs boson decay,
at the 95% confidence level (CL) [38] . In addition, we also check the spin-independent (SI) cross section of DM scattering off the nuclei relevant to DM direct detection (DD) searches and the respective current exclusion by the LUX [39] collaboration. We express the LUX sensitivity using the measure,
which contains the ratio of SI cross section for DM scattering on the nuclei and the LUX limit on the cross section multiplied by a DM relic density re-scaling factor
h 2 , to take into account the case when torsion relic density only partly contribute to the overall DM relic density of the Universe. Regions of torsion parameter space will be excluded if R SI > 1.
The effect of the Relic density, Br(H → S µ S µ ) and DM DD constraints are presented in Fig. 2 .
From this figure one can learn the following: 1) The region M ts < M H /2 = 62.5 GeV is excluded by the constarint Br(H → S µ S µ );
2) The regions M ts 55 GeV and M H /2 < M ts 145 GeV are excluded by LUX DD constraints;
3) The region M ts 53 GeV is excluded by the relic density constraint, since in this region the torsion relic density is above the Planck limit.
Furthermore, the shape of the R SI line (which is correlated with the relic density behaviour) exhibits several representative peaks and troughs, namely: a) the first sharp deep at M H /2 corresponds to the resonant DM annihilation through the Higgs boson which consequently leads to a sharp drop in the relic density; b) the relic density sharply rises as soon as its mass is above M H /2 because it no longer annihilates via an exactly on-shell Higgs in the early Universe; c) once M ts approaches M W and M Z , the relic density drops again because the
annihilation processes become available; d) Finally, once M ts approaches M H , one can see another step down in relic density due to the S µ S µ → HH processes. As M ts increases further beyond M H , the ξ coupling respectively increases leading to a further decrease in the relic density of the T DM 1-model. The combination and complementary of these constraints (Br(H → S µ S µ ), Ωh 2 and DM DD) allow scenarios where M ts 145 GeV, as well as a very narrow region with M ts just above 62.5 GeV (the Higgs resonance annihilation). In both allowed regions the relic density is one to two 
orders of magnitude below Ω
Planck DM h 2 , and therefore in the one-parametric T DM 1 scenario torsion never contributes 100% to the total budget of DM. Let us now consider T DM 2 scenario, corresponding to more general case when torsion acquires an additional mass, M ts , from symmetry breaking(s) at a higher energy scale, such as in a GUT. Then one can consider this mass as an additional parameter, which would allow torsion to make up 100% of the DM budget. In Fig. 3 , we present the T DM 2 parameter space in the ξ − M ts plane, following application of constraints from Br(H → S µ S µ ), Ωh 2 and DM DD. In this case 7) and ξ and M ts can be regarded as independent parameters. Fig. 3(a) presents the colour map of Ωh 2 in the unconstrained parameter space, Fig. 3(b) demonstrates the effect of the Br(H → S µ S µ ) < 0.28 constraint and Fig. 3(c) shows the effect of the additional application of R SI constraint. Finally, Fig. 3(d) presents the parameter space after applying an upper bound on Ωh 2 . The coloured parameter space indicates the parameter space which survives the respective constraints. The upper edge of the coloured space indicated by the black contour corresponds to the T DM 1 scenario. One can see that the allowed M ts mass range looks very similar to the T DM 1 case. However, contrary to the T DM 1 scenario, for any mass M ts one can find in the T DM 2 parameter space value(s) of the ξ parameter for which torsion contributes 100% to the DM relic density budget. This T DM 2 scenario, where all constraints are satisfied, including that the entire relic density is explained with torsion (including the lower cut on Ωh 2 not present in Fig. 3(d) ) is denoted by the green-coloured region in Fig. 4 . One can see that even for M ts M H /2 one can have Ωh 2 0.112, i.e., it is possible to find scenario when torsion is the sole Dark Matter. This scenario can be realised for small values of ξ ( 0.01) and the values of the GUT contribution to torsion mass, M ts , which are close to M H /2. One can also see that when M ts 135 GeV, there are regions of parameter space, represented by the green bands symmetric about the ξ = 0 line, where torsion provides 100% of the relic density budget. for the model is eventually two dimensional, consisting of the ξ and M ts parameters. There is an upper limit on the value of ξ = ξ max+ = M 2 ts /vev 2 , coming from the M ts > 0 requirement. There is no limit on the absolute value of ξ for ξ < 0, except the perturbativity one.
In Fig. 6 we present the cross sections for the torsion mono-jet signature versus M ts at LHC@13 TeV with a E miss T > 100 GeV cut, for two values of ξ: ξ = 0.01 and ξ = ξ max+ . In this evaluation we have used the QCD renormalisation and factorisation scales, Q equal to the transverse momentum of the pair of DM particles i.e. missing transverse momentum, E miss T , while the parton density function, PDF was chosen to be NNPDF23LO (as_0119_qed) PDF set [41] . In the same Figure we present LHC limits obtained using an interpretation of the ATLAS mono-jet analysis of Ref. [40] for 3.2 fb −1 integrated luminosity. For our analysis we performed parton level simulation with CalcHEP, followed by PYTHIA8 [42] and Delphes 3 [43] to simulate hadronisation and patron showering, and for fast detector simulation respectively. The detector level analysis was performed using CheckMATE v2 [44] . In Fig. 6 we also show the the limits on the cross section for the projected luminosities of 300 fb −1 for these ATLAS analysis. Our projection is based on the assumptions that the number of BG events scales with the luminosity and that the uncertainty on the BG scales as the square root of the luminosity. However, we set the lower limit for the BG uncertainty to be 1% of the BG. This choice of 1% for the limit on BG uncertainty is based on the post-fit numbers with respective BG error provided by ATLAS and CMS for E miss T bins with high statistics, see e.g. [40, 45] together with additional materials provided at http://cms-results.
web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-013/#AddFig.
From Fig. 6 one can see that even for projected 300 fb −1 integrated luminosity the LHC is not sensitive to the torsion parameter space for M ts > M H /2 and positive values of ξ coupling. Moreover, data for 3.2 fb −1 does not set any limits on M ts for ξ > 0. In Fig. 7 we present the LHC limits in the ξ − M ts plane which we obtained using limits presented in Fig. 6 
Conclusions
The standard argument in favour of torsion is that it provides a geometric counterpart for the spin of matter, which looks a natural thing in the microscopic physics. The consistency of quantum theory of matter fields on a torsion background requires torsion to be non-minimally coupled to both fermions of scalars of the SM. On the other hand torsion leads to interesting particle physics phenomenology, and also has important cosmological consequences (see, e.g., [46] for the review). We have considered a new application which combines naturally these two aspects. The theory of a torsion field interacting with the SM Higgs doublet and having negligible coupling to SM fermions is protected from decaying by a Z 2 symmetry and therefore becomes a promising DM candidate.
We have explored this possibility and checked the viability of this scenario in the light of DM relic density, direct detection and collider constraints. In the simplest T DM 1 scenario with just one parameter ξ of the torsion-Higgs coupling we have found that torsion can not explain 100% of the DM relic density because of the tension with DM DD constraints. However in the two parametric ξ − M ts T DM 2 scenario, when the Higgs boson is only partly responsible for generation of the torsion mass, there is a region of the parameter space where torsion is the sole DM. In this scenario the mass relation (3.7) which appears naturally within the GUT models provides an additional degree of freedom which allows the T DM 2 to survive DM DD constraints.
We have also found that the LHC, while not being sensitive to T DM 2 parameter space, anyway can further constrain it with the projected luminosity. For example, we have demonstrated that at 300 fb −1 the LHC can probe masses M ts < M H /2 for |ξ| as low as about 2 × 10 −3 , including the parameter space where torsion contributes 100% to the DM budget of the Universe. On the other hand at 300 fb −1 , the LHC can also probe the M ts > M H scenario for ξ −0.2, although in this case torsion's contribution to the DM relic density is at about the percent level or below.
